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The Mott insulator κ-(BEDT-TTF)2Ag2(CN)3 forms a highly-frustrated triangular lattice of S =
1/2 dimers with a possible quantum-spin-liquid state. Our experimental and numerical studies
reveal the emergence of a slight charge imbalance between crystallographically inequivalent sites,
relaxor dielectric response and hopping dc transport. In a broader perspective we conclude that
the universal properties of strongly-correlated charge-transfer salts with spin liquid state are an
anion-supported valence band and cyanide-induced quasi-degenerate electronic configurations in
the relaxed state. The generic low-energy excitations are caused by charged domain walls rather
than by fluctuating electric dipoles. They give rise to glassy dynamics characteristic of dimerized
Mott insulators, including the sibling compound κ-(BEDT-TTF)2Cu2(CN)3.
PACS numbers: 75.10.Kt, 71.27.+a 71.45.-d, 77.22.Gm, 78.55.Kz 78.30.-j
Electronic ferroelectricity and multiferroicity attracts
great attention of condensed matter physicists due to
their fundamental and technological importance.1–3 They
are identified in systems with strong electronic correla-
tions such as transition-metal oxides and low-dimensional
charge-transfer molecular solids. In the latter category,
electric polarization arises from valence instability and
charge ordering. In both cases, breaking the inversion-
symmetry results in the concurrence of non-equivalent
charge-sites and bonds.4 There is no doubt that electron
correlations are fundamental for stabilizing the ferroelec-
tric ground state, nevertheless, experimental evidence in-
dicates that the delicate interplay of Coulomb forces and
structural changes within the coupled molecular-anion
system have to be taken into account. Along these lines
a solid understanding of electronic ferroelectricity was
achieved for the families of quasi-one-dimensional organic
charge-transfer salts: (TMTTF)2X and TTF-X , but also
some layered (BEDT-TTF)2X systems.
5–7
However, no consensus has been reached yet on the ori-
gin of the ferroelectric signatures detected in the strongly
dimerized κ-(BEDT-TTF)2X salts.
8–12 In these com-
pounds, the BEDT-TTF dimers are arranged in a tri-
angular lattice with a relatively high geometrical frus-
tration. In some of them, indications of charge-ordering
phenomena have been reported, but in-depth studies are
missing13,14. On the other hand, the Mott dimer in-
sulators κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-
TTF)2Cu2(CN)3, called κ-CuCN, have been thoroughly
studied because they are discussed as prototypes of a
molecular multiferroic and quantum spin liquid (QSL)
systems.9,15 It turns out to be extremely challenging to
reconcile the idea of quantum electric dipoles on molec-
ular dimers interacting via dipolar-spin coupling16–19
with the experimentally evidenced absence of any con-
siderable charge imbalance. So far no global struc-
tural changes and no charge disproportionation between
molecular dimer sites larger than 2δρ ≈ ±0.01e that
could break the symmetry have been found.20,21 In the
case of the QSL κ-CuCN extensive numerical and exper-
imental investigations22 have recently revealed that the
inversion-symmetry is broken on a local scale due to link-
age isomerism in the anion layer; the relaxed structure
exhibits the low P1 symmetry. Absorption bands in the
THz frequency range – previously attributed to collective
excitation of intradimer electric dipoles11 – are traced
back to coupled anion-dimer vibrations. These findings
support our interpretation that the relaxor-like dielectric
behavior in the kHz-MHz range resembles the dynamics
due to charge defects in the random-domain structure of
κ-CuCN.12
In order to elucidate the ferroelectric nature of QSL
and advance the understanding of its dielectric response,
the newly synthetized Mott dimer insulator κ-(BEDT-
TTF)2Ag2(CN)3,
23 called κ-AgCN, has drawn our atten-
tion as recent NMR experiments have indicated a QSL
ground state.24 In this compound (Fig. 1) the anions also
affect the overall electronic structure, but to a lower de-
gree compared to κ-CuCN.22 We have carried out di-
electric, dc resistivity and vibrational spectroscopy mea-
surements and supplemented them by density functional
theory calculations. In both systems the relaxed struc-
2Figure 1: (Color online) (a) Sketch of the bis(ethylenedithio)-
tetrathiafulvalene molecule, called BEDT-TTF. (b) View of
BEDT-TTF dimers in the bc plane projected along the di-
rection tilted from the a-axis by 42◦; an almost isotropic tri-
angular lattice is denoted by full thick lines; the interdimer
transfer integrals are labeled by t and t′, while the intradimer
transfer integral is labeled by td; the unit cell is denoted as
a rectangle. (c) Side view of extended unit cell of κ-(BEDT-
TTF)2Ag2(CN)3. Possible hydrogen bonds between the CH2
endgroups of the BEDT-TTF molecules and CN− groups of
the anion network are indicated by full lines.
ture consists of quasi-degenerate electronic states related
to different cyanide configurations; however, in κ-AgCN
the higher-symmetry space groups P21 and Pc are pre-
served and we resolve a slight charge inequality between
two non-equivalent sites. Still, the universal nature of
the low-energy charge excitations in the QSL of κ-(BE-
DT-TTF)2X systems is described more appropriately by
mobile charged domain walls rather than by fluctuating
electric dipoles. The dielectric response is due to coop-
erative process between electronic correlations and local
scale symmetry breaking in the coupled molecular-anion
system that are present already at 300K.
Let us start by looking at the molecular level and in
particular the charge per BEDT-TTF. Vibrational spec-
troscopy was performed on high-quality κ-AgCN sin-
gle crystals23 by an infrared microscope attached to
the Fourier-transform interferometer. In Fig. 2 the
most charge-sensitive intramolecular vibrational mode
ν27, which involves the anti-symmetric ring C=C stretch-
ing of the BEDT-TTF molecule,25–27 is plotted for var-
ious temperatures. No splitting of the mode occurs on
lowering the temperature down to 10K, providing clear
evidence that no sizable static charge redistribution takes
place in κ-AgCN; the observations are in full accord with
previous reports on κ-CuCN.20 In the latter compound,
however, only one Fano mode was sufficient to describe
the ν27; for κ-AgCN two Fano functions are required,
as becomes obvious by the two peaks in Fig.2(a). They
are separated in frequency by 6 cm−1 independent on
temperature within the uncertainty [(Fig. 2(b)]; we in-
terpreted it as two unequal sites in the unit cell.
Long-wavelength collective excitation are probed by
dielectric spectroscopy combined with dc-transport mea-
surements carried out along the c and b axes within the
molecular planes and along the a∗-axis perpendicular to
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Figure 2: (Color online)(a) Temperature evolution of the
intramolecular vibration ν27 in κ-(BEDT-TTF)2Ag2(CN)3.
The two Fano functions required to fit the spectra indicate
two crystallographically distinct sites. No effect on cooling
rate (0.1 and 1 K/min) was observed. Temperature depen-
dence of the (b) resonance frequency and (c) damping.
them. In the frequency range 40Hz–10MHz the dielec-
tric function was obtained from the complex conductance
measured in the temperature sweeps between 300 and
4.2K using several precision impedance analyzers. Fig. 3
displays the temperature-dependent real part of the di-
electric function at selected frequencies along the in-plane
(c-axis) and along the out-of-plane (a∗-axis) directions:
with lower frequencies the magnitude of the peak in-
creases and its position shifts to lower temperature. A
pronounced peak structure with a strong frequency de-
pendence is observed that obeys Curie’s law, indicating a
gradual freezing of the dielectric response. The behavior
demonstrates a ferroelectric-like response in the presence
of disorder, similar to the observations in κ-CuCN.8,12
In order to understand the observed dielectric and
vibrational features, we have carried out ab-initio cal-
culations in the framework of density functional the-
ory (DFT) as implemented in the VASP code using the
projector augmented-wave method; the phonon modes
were obtained with PHONOPY code via the DFT-
derived force constants.28–32 Our numerical calculations
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Figure 3: (Color online) Real part of the dielectric function ε′
of κ-(BEDT-TTF)2Ag2(CN)3 as a function of temperature.
The frequency dependent measurements performed with the
ac electric field applied E ‖ c (left panel) and E ‖ a∗ (right
panel) both demonstrate the relaxor-ferroelectric behavior.
3Figure 4: (Color online) Relaxed structure of the Ag2(CN)
−
3
network in the bc plane projected along the a-axis as ob-
tained by DFT calculations. In this configuration, the bridg-
ing cyanides at the center (c1) and at the corner (c2) of the
unit cell are aligned antiparallel and directed along the [021]
direction. In the each layer, two segregated chains can be
identified in which cyanides b1 and b2, and b3 and b4 are
arranged in the opposite directions, respectively. Silver is col-
ored in red; carbon and nitrogen of CN groups are colored in
blue and orange. The unit cell is marked as a rectangle.
are based on the x-ray data taken at 150K, solved in
P21/c and reduced to P1.
33 The whole κ-AgCN system
relaxes into a structure of minimum energy when the
bridging cyanides in anion network Ag2(CN)
−
3 at the cen-
ter and at the corners of the unit cell are aligned antipar-
allel, whereas the cyanides in the segregated chains are
arranged in the opposite directions (Fig. 4). The relaxed
structure is characterized by the space group P21; mean-
ing that while the two (BEDT-TTF)+2 dimers within
the unit cell remain symmetrically equivalent, the two
molecules within each dimer are inequivalent.
The corresponding band structure of κ-AgCN is pre-
sented in Fig. 5. Its overall features resembles the κ-
CuCN-analogue;22,34,35 in particular the cation-derived
character around the Fermi level is supported by the rigid
band shift of the cation subsystem alone. Here, the shift
and bandwidth are smaller by 76meV and 20meV, re-
spectively, and the full charge transfer of 2 electrons takes
place, in contrast to only 1.93 for κ-CuCN.22 Thus, the
signature of silver d-orbitals in the band structure and the
density of states is less pronounced. These particularities
can be attributed to the different level of hybridization
for silver and copper d-orbitals: the former is located fur-
ther below the Fermi level by additional 2 eV. Of equal
importance is the higher symmetry preserved in κ-AgCN
due to a weaker perturbation by the anion layer.
In P21 symmetry, the energy difference between two
possible electronic configurations (antiparallel and re-
versed antiparallel alignment of bridging cyanides) is only
25 meV. Interestingly, also the two electronic states with
Pc symmetry
36 related to two remaining bridging cyanide
orientations are only 5–16 meV higher than the relaxed
state with minimum energy.37 These results imply that
the electronic ground state is quasi-degenerate, leading
to a random domain structure of κ-AgCN in real space.
Note also that flipping one cyanide in the chain costs
320 meV and increases to 1220 meV for all four CN
groups; this process is possible but rather unlikely.
Figure 5: (Color online) Band structure of κ-(BEDT-TTF)2-
Ag2(CN)3 (black) plotted along the high-symmetry direc-
tions. If only the molecular subsystem is considered, the
generic cation bands (blue) are obtained. Shifting them by
424meV (red) results in an almost complete coincidence with
the band structure of the whole system, thus revealing the
overall cation-derived band character around the Fermi level.
The occupation of the corresponding density of states indi-
cates a integer charge transfer for half-filled band, as expected
from the chemical composition.
Our findings demonstrate that relaxor ferroelectricity
is due to the quasi-degenerate nature of the electronic
ground state of κ-AgCN. The degeneracy is triggered by
breaking the inversion-symmetry on a local scale because
the isomorphism in the cyanides results in a random do-
main structure. Importantly, the higher symmetries P21
and Pc prevail in κ-AgCN, but not in κ-CuCN where
all bridging CN configurations induce low symmetry P1.
Our x-ray data verify these numerical results: they con-
tain reflections forbidden for the high-symmetry group
P21/c (Fig. S1), although it remains valid on the global
scale.24 Another strong evidence is provided by vibra-
tional spectroscopy: the ν27 feature contains two Fano
modes as opposed to only one in κ-CuCN. We explain
this observation by a higher level of disorder related to
P1 symmetry.
The reason for this distinctly different behavior lies in
the arrangement of the BEDT-TTF dimers with respect
to the anion layers. As pointed out by Saito,38 in the
case of κ-CuCN the dimers sit exactly in the opening
of the hexagon defined by the anions, while for κ-AgCN
the center of the dimer is located on the top of the rim
of the anion opening (Fig. S2). The long contacts be-
tween the bridging CN and the terminal ethylene of the
BEDT-TTF lead to a weaker perturbation of the molec-
ular layers in κ-AgCN in contrast to κ-CuCN where all
contacts are shorter than the sum of van der Waals radii.
The lower disorder level in κ-AgCN compared to κ-
CuCN is not a question of crystal quality but rather rep-
resents an intrinsic property. It results in fewer domains
of larger size in the Ag-compound. Domains are related
to different cyanide configurations separated by charged
domain walls. These interfaces extend to the molecular
4layers via hydrogen bonds of the BEDT-TTF molecules.
By this mechanism we can explain the dielectric response
in κ-AgCN where fingerprints of a glass ordering process
are revealed as shown in Fig. 6(a,b,c); similar observa-
tions are reported for κ-CuCN.8,12
Concomitantly the lower level of disorder corresponds
to reduced in-plane dielectric strength ∆ε in κ-AgCN
compared to the Cu-analogue. The relaxation time dis-
tribution is very broad. Upon cooling the system freezes:
the mean relaxation time follows an Arrhenius behavior.
For E ‖ a∗ we can extrapolate to a value of 100 s at
the glass transition Tg ≈ 22K. Within the planes, this
primary process is detected in a rather narrow frequency
and temperature window only while another, secondary
process, which sets in at about 36K becomes clearly vis-
ible. The contribution of charged domain walls, given by
∆ε, is enhanced as the temperature is lowered because
screening becomes weak due to the reduced number of
charge carriers. Consequently, it takes much longer for
the system to respond. At low temperatures this primary
relaxation process freezes out and is replaced by the sec-
ondary process involving rearrangements over the lower
energy barriers.
We can also identify the influence of heterogeneities
in the dc transport that takes place by hopping within
the molecular planes. As demonstrated in Fig. 6(d)
Figure 6: (Color online) (a) Dielectric strength ∆ε, (b) distri-
bution of relaxation times (1−α), (c) mean relaxation time τ0
of κ-(BEDT-TTF)2Ag2(CN)3 as a function of inverse temper-
ature. The inset of (a) shows a double logarithmic plot of the
frequency dependence of the real ε′ and imaginary ε′′ parts of
the dielectric function for E ‖ a∗. The full lines are fits to a
generalized Debye function ε(ω)− εHF = ∆ε/[1 + (iωτ0)
1−α];
εHF is the high-frequency dielectric constant. In (c) the
full and dashed lines indicate the Arrhenius slowing down of
the primary and secondary relaxation process, respectively.
(d) DC resistivity normalized to room temperature value and
(e) logarithmic resistivity derivative versus inverse tempera-
ture. The inset displays the normalized dc conductivity as a
function of T−1/3: the behavior evidences the variable-range
hopping in two dimensions, whereas above about 140K, the
behavior crosses over into the nearest-neighbor hopping de-
scribed by a simple activation.
variable-range hopping in two dimensions is clearly
revealed in a wide low-temperature range: σ(T ) ∝
exp
[
−(T0/T )
1/(d+1)
]
with d = 2. At elevated tempera-
tures a crossover to nearest-neighbor hopping is observed
with an activated behavior σ(T ) ∝ exp(−∆/kBT ).
39 We
estimate kBT0 = 95 eV and ∆ = 0.08 eV. Looking at
the derivative of ρ(T ) plotted in Fig. 6(e), two features
can be identified. The first concerns the right wing of the
peak centered at 300K, which is attributed to ordering
of the the ethylene group into eclipsed conformation.24
Secondly, broad maxima are identified at about 85 to
65K for all directions within and perpendicular to the
planes. This feature may indicate the formation of a low-
temperature phase; the width of the peak suggests that
it develops only on short length scales. It is interest-
ing to note that in the same temperature range changes
in the vibrational features are observed. As illustrated
in Fig. 2(b,c), the resonance frequencies and the damp-
ing parameters of two Fano modes level off below 80 K,
exactly where the dc resistivity exhibits the broad max-
imum in its temperature derivative.
Let us return to the broad ν27(b1u) vibration
33 (Fig. 2).
The two maxima separated by 6 cm−1 correspond to an
average charge imbalance of 2δρ ≈ ±0.05e.
33,40 While
this value is too small to evidence real charge order, it in-
dicates a different charge per molecule within a dimer for
the P21 and a variation of average charge between dimers
for Pc configurations. As we saw above, the BEDT-TTF
molecules are affected by the randomness of the bridging
cyanides and this is why their nature, static or fluctuat-
ing, cannot be identified uniquely. Given the extremely
small charge imbalance and fast rate of oscillations, such
fluctuating dipoles cannot explain the low-frequency di-
electric response. Instead we identify the mobile charged
domain walls as the low-energy excitations responsible
for the observed relaxor dielectric response.
In conclusion, we have combined DFT calcula-
tions with dielectric, transport, optical, and struc-
tural measurements of the highly frustrated organic
dimer Mott insulator κ-(BEDT-TTF)2Ag2(CN)3 and
compared the findings with κ-(BEDT-TTF)2Cu2(CN)3.
We demonstrate that the ground state consists of elec-
tronic states quasi-degenerate in energy, which reflect
a random domain structure. Charged mobile domain
walls rather than fluctuating electric dipoles are the
generic low-energy excitations responsible for the relaxor-
ferroelectric response in these quantum-spin-liquid sys-
tems. While the overall properties of these two com-
pounds are rather similar, we are able to identify some
differences in symmetry and microscopic domain struc-
ture due to distinct interaction between anions and
BEDT-TTF molecules. More comprehensive x-ray dif-
fuse scattering and diffraction measurements at low tem-
peratures are indispensable for a full understanding of
these strongly correlated organic systems.
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